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Development of the bladder 
trigone, the center of the anti-reflux 
mechanism
During development, the organs that constitute the upper (kidney 
and ureter) and lower (bladder and urethra) urinary tract form 
independently, connecting at mid-gestation to form an outﬂow 
tract that conducts urine from the kidneys to the bladder for stor-
age and excretion. The upper and lower urinary tract compart-
ments join when the ureters undergo transposition, moving from 
their primary site to the urogenital sinus epithelium. There, they 
make ﬁnal connections in a triangular structure, known as the 
trigone, situated between the bladder and urethra (Figure). Devel-
opment of precise connections between ureters and the trigone is 
crucial for function of the valve mechanism that prevents back-
ﬂow of urine from the bladder to the ureters. Despite its central 
importance in urinary tract function, the origin and role of the 
trigone in the anti-reﬂux mechanism remain unclear. It has been 
proposed that the trigone is structurally distinct from the bladder 
and urethra, or that it may derive from the bladder muscle.
Using Cre-lox recombination and cell lineage studies in mice, 
Viana et al. have now found that, unexpectedly, the trigone is 
formed mostly from bladder smooth muscle with a minor con-
tribution from the ureter, and that trigone formation depends at 
least in part on intercalation of ureteral and bladder muscle. Fur-
ther, they found that the ureteral pathway is present in the bladder 
wall and forms independently of the ureter. These studies elucidate 
important mechanisms controlling development of the ureteral 
valve that prevents urinary reﬂux. Needless to say, disease of this 
valve leads to either urinary obstruction or reﬂux. (Development 
2007; 134: 3763–3769)
Juan Oliver
TLR4 activation contributes to 
kidney ischemia/reperfusion injury
Ischemia/reperfusion injury occurs during kidney transplanta-
tion and has a negative impact on both short- and long-term graft 
survival. The initial nonimmune injury leads to activation of an 
innate immune response, causing variable degrees of tissue dam-
age. It is likely that modulation of the graft microenvironment 
by this early innate response may be a prerequisite for the full 
development of adaptive alloimmunity and subsequent allograft 
rejection. However, the mechanisms by which innate immunity 
is triggered in kidney ischemia/reperfusion injury remain to be 
fully deﬁned. Toll-like receptors (TLRs) are germline-encoded 
pattern-recognition receptors that are highly conserved in species 
as diverse as Drosophila and humans. These receptors recognize 
molecular motifs shared by large groups of microorganisms and 
are expressed by cells of the immune system. But, in response to 
injury, they may also be expressed by other cell types, includ-
ing kidney tubular epithelial and mesangial cells. Signaling via 
TLRs is dependent on association with a group of cytoplasmic 
adaptor molecules, principally MyD88 and Toll/IL-1 receptor 
domain-containing adaptor inducing IFN-β. Downstream eﬀects 
of TLR engagement vary, depending on the cell type in which the 
receptors are expressed. They include the production of proin-
ﬂammatory cytokines, chemokines, and other soluble mediators 
that contribute to local inﬂammation and leukocyte accumula-
tion. In sepsis, kidney expression of TLR4 is critical in mediating 
lipopolysaccharide-induced acute kidney failure via proinﬂam-
matory cytokine release and subsequent kidney damage.
Endogenous ligands released from damaged or stressed tissues 
can also signal through TLRs. These ligands include heat-shock 
proteins, extracellular matrix components (hyaluronan, ﬁbronec-
tin, heparan sulfate, and biglycan), and others. Evidence indicates 
that engagement of the TLRs by such endogenous ligands may be 
a major trigger of inﬂammation in response to ischemia. Ischemic 
rodent kidney cells, particularly tubular epithelial cells, upregulate 
expression of TLR2 and TLR4, and TLR2 has been found to play 
an important role in the initiation of inﬂammatory responses dur-
ing kidney ischemia/reperfusion injury. Using a mouse model of 
kidney ischemia/reperfusion, Wu et al. demonstrated a signiﬁcant 
increase in TLR4 expression by tubular epithelial cells and inﬁltrat-
ing leukocytes within the kidney after ischemia. Further, TLR4 
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The trigone is the site of the anti-reflux mechanism.
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Immunostaining shows that TLR4 protein was expressed by infiltrating 
cells and tubular epithelial cells at day 1 and then predominantly 
expressed by the latter on days 3 and 5 after ischemia/reperfusion.
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signaling through the MyD88-dependent pathway was required 
for the full development of kidney injury, as both TLR4–/– and 
MyD88–/– mice were protected against kidney dysfunction, tubular 
damage, neutrophil and macrophage accumulation, and expression 
of proinﬂammatory cytokines and chemokines. To determine the 
relative contribution of TLR4 expression by parenchymal cells or 
leukocytes to kidney damage during ischemia/reperfusion injury, 
the authors generated chimeric mice and found that TLR4–/– mice 
engrafted with wild-type hematopoietic cells had signiﬁcantly lower 
serum creatinine and less tubular damage than wild-type mice 
reconstituted with TLR4–/– bone marrow. These results suggest that 
TLR4 signaling in intrinsic kidney cells plays the dominant role in 
mediating kidney damage. (J Clin Invest 2007; 117: 2847–2859)
Juan Oliver
Plasma sodium stiffens vascular 
endothelium and reduces nitric 
oxide release
Although it is clearly established that excessive sodium intake or 
retention increases arterial pressure, the mechanisms responsi-
ble for the rise in pressure remain poorly understood. Salt con-
sumption (or retention) increases thirst and the uptake of ﬂuid. 
As a consequence, a transient increase in plasma volume and a 
rise in arterial blood pressure occur. However, plasma volume 
is increased in many diseases that have no elevated pressure. 
Recently, plasma sodium concentration has been suggested 
to play a role in the control of arterial pressure because small 
increases (1–3 mM) were found in individuals with hypertension. 
This observation led to the idea that the vascular endothelium 
could participate in a sodium-mediated blood vessel function. 
In response to aldosterone, endothelial cells express ENaC, 
and this sodium-selective ion channel could act as a functional 
link between the plasma and the endothelial cell. For instance, 
the sodium channel blocker amiloride prevents aldosterone-
induced cell swelling and cell stiﬀening, suggesting that sodium 
inﬂux may control the volume and stiﬀness of endothelial cells. 
High endothelial deformability is probably needed for normal 
endothelial function, including shear stress-induced release of 
nitric oxide. Accordingly, Oberleithner et al. tested the hypoth-
esis that endothelial stiﬀness and deformability are inﬂuenced by 
small changes in plasma sodium concentration by using atomic 
force microscopy, a nanotechnique that measures stiﬀness and 
deformability of living endothelial cells. The tip of the atomic force 
microscope was used as a nanosensor to measure stiﬀness of living 
endothelial cells incubated for 3 days in a culture medium contain-
ing aldosterone at a physiological concentration. Endothelial-cell 
stiﬀness was unaﬀected by acute changes in sodium concentration 
less than 135 mM but rose steeply between 135 and 145 mM, and 
the increase in stiﬀness occurred within minutes (Figure). Lack of 
aldosterone in the culture medium or treatment with the epithelial 
sodium channel inhibitor amiloride prevented this response. Nitric 
oxide formation was found to be downregulated in cells cultured 
in aldosterone-containing high-sodium medium. These results 
suggest that changes in plasma sodium concentration per se aﬀect 
endothelial function and thus vascular tone, opening new avenues 
of inquiry on the regulation of arterial pressure. (Proc Natl Acad 
Sci USA 2007; 41: 16281–16286)
Juan Oliver
Salt intake affects blood pressure 
of chimpanzees
A wealth of evidence indicates that salt intake has a profound eﬀect 
on human arterial pressure and cardiovascular disease. Evidence 
for the role of dietary sodium in high blood pressure comes from 
animal and clinical studies, clinical trials, and genetic, epidemio-
logical, and anthropological studies. Several national and inter-
national agencies have recommended dietary intakes of no more 
than 100 mmol/d sodium (6 g/d salt). However, short-term trials 
have found greater blood pressure lowering for sodium reductions 
to about 50–60 mmol/d. Studies of higher primates provide the 
opportunity to alter dietary sodium experimentally for prolonged 
periods in the species genetically closest to humans. Denton and 
co-workers previously reported that increases of up to 15.0 g/d 
salt in the diet of chimpanzees caused large rises in blood pres-
sure, which reversed when the added salt was removed. In a recent 
study, Elliott et al. report the eﬀect of more modest changes in salt 
intake in two groups of chimpanzees. In a group of 17 animals, the 
sodium content of a diet of constant nutrients was changed epi-
sodically during 3 years from 75 to 35 to 120 mmol/d. In a group 
of 110 chimpanzees, animals were divided into two groups; one 
group continued on the standard diet of 250 mmol/d sodium for 
2 years, and sodium intake was halved in the other group. Lower 
sodium intake was associated with lower systolic, diastolic, and 
mean arterial blood pressures with no threshold down to 35 mmol/
d sodium. For systolic pressure, estimates were about 12 mm Hg 
per 100 mmol/d lower sodium and about 6 mm Hg for sodium 
intake lower by 122 mmol/d. Higher baseline systolic pressure was 
associated with larger falls in systolic pressure. This elegant study 
provides an essentially single-variable experiment in the species 
closest to Homo sapiens and provides strong support for intensiﬁed 
public-health eﬀorts to lower sodium intake in the human popula-
tion. (Circulation 2007; 116: 1563–1568)
Juan Oliver
Changes in endothelial-cell stiffness in response to increasing sodium 
concentration in aldosterone- and eplerenone-treated endothelium.
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